Acetylcholine (ACh) is a known modulator of the activity of dopaminergic (DAergic) neurons through the stimulation of nicotinic ACh receptors (nAChRs). Yet, the subunit composition and specific location of nAChRs involved in DA-mediated locomotion remain to be established in vivo. Mice lacking the ␤2 subunit of nAChRs (␤2KO) display striking hyperactivity in the open field, which suggests an imbalance in DA neurotransmission. Here, we performed the selective gene rescue of functional ␤2*-nAChRs in either the substantia nigra pars compacta (SNpc) or the ventral tegmental area (VTA) of ␤2KO mice. SNpc rescued mice displayed normalization of locomotor activity, both in familiar and unfamiliar environments, whereas restoration in the VTA only rescued exploratory behavior. These data demonstrate the dissociation between nigrostriatal and mesolimbic ␤2*-nAChRs in regulating unique locomotor functions. In addition, the site-directed knockdown of the ␤2 subunit in the SNpc by RNA interference caused hyperactivity in wild-type mice. These findings highlight the crucial interplay of nAChRs over the DA control of spontaneous locomotion.
D
opamine (DA) modulates a broad range of brain functions, including motor activity, cognition, and reinforcement (1) (2) (3) . Midbrain dopaminergic (DAergic) ascending pathways are divided into two major tracts (4) (see Fig. 1A ). The nigrostriatal pathway projects from the substantia nigra pars compacta (SNpc, A9 cell group) to the dorsal striatum and is primarily involved in the regulation of motor activity. Its degeneration in humans leads to Parkinson's Disease (PD) (1, 5) . The mesocorticolimbic tract projects from the ventral tegmental area (VTA, A10) to the nucleus accumbens (NuAcc) of the ventral striatum, limbic areas, and prefrontal cortex (PFC) and is mainly implicated in cognition (3), reward-based learning, and addiction (2) .
Several findings indicate a potentially critical role of acetylcholine (ACh) in the regulation of DAergic neuron activity; cholinergic afferents from the pedunculopontine tegmental nucleus (PPTg) and the laterodorsal tegmental nucleus (LDTg) innervate the SNpc and VTA nuclei (6, 7) , regulating DA efflux (8) (9) (10) , whereas cholinergic interneurons present in the ventral and dorsal striatum (11, 12) provide additional anatomical and functional bases for the action of ACh upon DAergic nuclei and terminals (see Fig. 1 A) .
Further evidence suggests that nicotinic ACh receptors containing the ␤2 subunit (␤2*-nAChRs) are implicated in the cholinergic control of DA activity: (i) ␤2*-nAChRs are present in the VTA and SNpc of all mammals (in both the soma of DAergic nuclei and GABAergic interneurons) and at the terminals of DAergic striatal projections (13, 14) ; (ii) somatodendritic ␤2*-nAChRs regulate the firing patterns of DAergic neurons in vivo (15) ; and (iii) striatal cholinergic interneurons locally control DA release through the activation of presynaptic ␤2*-nAChRs at DAergic terminals (16) . ␤2*-nAChRs are widely expressed in the mammalian brain and are present in multiple neuronal networks (13, 17, 18) . Previous studies with mice lacking ␤2*-nAChRs (␤2KO) have established their involvement in several complex behaviors (19) (20) (21) , particularly those associated with the reinforcing properties of nicotine, originating from their activity within the VTA (20, 22) . However, the functional role of ␤2*-nAChRs in the control of spontaneous locomotor activity remains to be clarified.
␤2KO mice show a striking hyperactivity in the open field (21) . We hypothesized that this phenotype is because of an imbalance of DA neurotransmission in the nigrostriatal pathway. To test this hypothesis, we performed a targeted lentiviral genetic rescue of functional ␤2*-nAChRs in the SNpc of ␤2KO mice and analyzed the extracellular striatal DA levels, together with the behavioral outcome of this selective restoration. ␤2*-nAChRs were also restored in the VTA of an independent group of mice for comparison in behavioral experiments. This analysis led to a quantitative model, predicting that the lack of nigral ␤2*-nAChRs would drive the hyperactivity of ␤2KO mice. The gene rescue approach was then complemented by gene silencing of the ␤2 subunit in the SNpc of wild-type (WT) mice by RNA interference (RNAi). Together, our results establish a critical role for nigral ␤2*-nAChRs in the control of DA-dependent spontaneous locomotion.
Results
Genetic rescue of the ␤2 subunit was obtained by stereotaxic injection of a bicistronic lentiviral expression vector [ Fig. 1B and supporting information (SI) Text] into either the SNpc (SNpc-RESC) or the VTA (VTA-RESC) of ␤2KO mice. The lentiviral construct drives the coexpression of the mouse ␤2 subunit (Fig.  1 D-F) and the eGFP reporter gene (Fig. 1C) . The site of injection was chosen to achieve a restricted transduction of neurons within the SNpc (Fig. 1C Left and Fig. S1 ) or the VTA (Fig. 1C Right) . The reexpressed ␤2 subunit, partnered with endogenous ␣ subunits, restored Ϸ50% of [ 125 I]-epibatidine binding sites at the injection area (Fig. 1E) and Ϸ10% of the sites in its target area in the dorsal striatum (Fig. 1F ). This finding demonstrates that high-affinity ␤2*-nAChRs were recovered along the nigrostriatal pathway, as also observed by [
125 I]-epibatidine autoradiography in sagittal sections (Fig. 1D ).
Based on previous work (15), we hypothesized that the lack of nigral ␤2*-nAChRs affects DA release in the dorsal striatum. We thus compared the levels of spontaneous DA release by in vivo microdialysis in the dorsal striatum of freely moving mice ( Fig. 2 A and B) . Extracellular concentrations of DA under basal conditions, as well as after an injection of saline, were found to be decreased Ϸ50% in ␤2KO mice compared with WT animals [WT ϭ 234.9 Ϯ 36.7 vs. KO ϭ 125 Ϯ 50.1 pg/l (mean Ϯ SEM); mean ⌬ ϭ 109.9]. After ␤2*-nAChR reexpression, SNpc-RESC mice showed basal levels similar to WT [220.2 Ϯ 39.4 pg/l (mean Ϯ SEM); one-way ANOVA, group effect P Ͻ 0.05; followed by Dunnett's post hoc test]. Our data show in vivo that mice lacking ␤2*-nAChRs exhibit decreased levels of striatal DA. This deficit was completely recovered after lentiviral genetic rescue, demonstrating the functional state of the reexpressed ␤2*-nAChRs. In addition, the restored ␤2*-nAChRs were able to mediate nicotine-elicited DA release (SI Text and Fig. S2 ).
Having established the efficacy and functionality of the reexpression system, we examined the open-field activity of SNpc-RESC compared with VTA-RESC mice. Each RESC group had two paired control groups, one of WT and the other of ␤2KO mice, injected in the same structure (SNpc or VTA) with a control lentivirus expressing only the eGFP reporter gene. Mouse trajectories were tracked to determine the total distance traveled and the time spent either in fast or slow movements (see Methods). Total distance traveled in the open field was enhanced by Ϸ40% in KO compared with WT [WT ϭ 15300 Ϯ 703 cm vs. KO ϭ 21397 Ϯ 677 cm (mean Ϯ SEM); mean ⌬ ϭ 6097, P Ͻ 0.01] (Fig. 3A) . Consistent with this hyperactive phenotype, KO mice also spent more time in fast movements [WT ϭ 571 Ϯ 49 vs. KO ϭ 786 Ϯ 33 sec (mean Ϯ SEM); mean ⌬ ϭ 215, P Ͻ 0.01] (Fig. 3B ) and less time in slow movements (WT ϭ 987 Ϯ 27 vs. KO ϭ 702 Ϯ 37 sec; mean ⌬ ϭ Ϫ285, P Ͻ 0.01) (Fig. 3C) . In turn, SNpc-RESC mice showed a restoration to WT levels of the distance traveled (17015 Ϯ 742 cm) (Fig. 3A) and fast movements (622 Ϯ 31 sec) (Fig. 3B) , whereas the slow movements were not significantly restored and remained comparable to the KO levels (791 Ϯ 40 sec) (Fig. 3C ). This effect was the opposite of that observed in VTA-RESC mice, which displayed distance traveled (19934 Ϯ 648 cm) and fast movement scores (728 Ϯ 21 sec) similar to the KO group ( Fig. 3 A and B ), but the slow activity (920 Ϯ 43 sec) was restored to the WT level (Fig. 3C ).
This clear-cut experimental outcome led us to develop a quantitative predictive model of the localized contribution of ␤2*-nAChRs to the open-field behaviors. The ␤2KO locomotor phenotype could be expressed as a percentage of modification of three parameters (from WT values): an average of 40% increase in distance traveled and fast movements and 30% decrease of slow movements. Assuming that a given phenotype results from a linear combination of ␤2*-nAChR effects in any brain region, the four prototypical phenotypes (WT, ␤2KO, SNpc-RESC, and VTA-RESC) were used to determine the relative contribution of ␤2*-nAChRs in the SNpc, the VTA, or other brain areas. Such a decomposition revealed that Ϸ75% of the increase in distance traveled and time spent in fast movements observed in ␤2KO mice can be explained by the lack of ␤2*-nAChRs in the SNpc and Ͻ25% by their lack in the VTA (Fig. 3D) . Based on this model, we calculated the expected variation in these behavioral parameters in an experiment where ␤2*-nAChRs would be removed only from the SNpc of WT mice. Our model predicts that such a regionally restricted removal would enhance locomotion parameters by 30% from the WT basal level, whereas the slow activity would only be reduced by Ͻ10% (Fig. 3E) .
To test this prediction, we carried out a region-specific knockdown of ␤2 gene expression in the SNpc of WT mice by a lentivirus-delivered short inhibitory RNA. We developed a silencing lentiviral vector (Fig. 4A ) expressing a short hairpin (sh) RNA against the ␤2 subunit (sh␤2) and a control lentivector expressing a mismatched (scrambled) shRNA sequence (shScr), with no silencing effects. The most effective sh␤2 target sequence was chosen after preliminary assays by using different constructs (SI Text and Fig. S3 ). Lentivirus carrying the sh␤2 effectively reduced the expression of ␤2*-nAChRs in the SNpc as evidenced by a 70% decrease in [ 125 I]-epibatidine-binding sites compared with control shScr-injected or noninjected SNpc (Fig. 4 B and C, SI Text, and Fig. S4 ).
To analyze the behavioral outcomes of the local ␤2 knockdown, mice were bilaterally injected in the SNpc with either the sh␤2 or the shScr lentivirus and were tested in the open field three months after injection (Fig. 4 D-F (Fig. 4E) . However, no significant differences were observed in the slowmovements behavior [sh␤2 ϭ 1128 Ϯ 47 vs. shSCR ϭ 1048 Ϯ 28 sec (mean Ϯ SEM); mean ⌬ ϭ 80, NS] (Fig. 4F) , supporting our previous finding that this activity is under the control of ␤2*-nAChRs in the VTA (22) . The experimental data fit well with the values predicted by using the quantitative linear model (Fig. 3E and dashed arrows in Fig. 4 D-F) . Dashed lines indicate the values predicted for the sh␤2 group (see Fig. 3E ).
Having observed this critical role of nigrostriatal ␤2*-nAChRs upon open-field activity, we wanted to determine to what extent they were also involved in regulating mouse activity in an environment similar to their home cage (familiar environment). A correlation had previously been established between cholinergic neurotransmission and the circadian rhythm of motor activity (23) . We thus recorded the time-course activity of WT, ␤2KO, SNpc-RESC, and VTA-RESC mice during a complete 24-h cycle in home-cage-like boxes (see Methods). The activity of all groups exhibited a similar rhythm; it decreased during the initial light phase, corresponding to the habituation period, followed by an enhancement during the dark phase, which reached the maximal level during the first 4 h of this period ( Fig.  5 A and B) . Although the rhythm was not altered in KO mice, they were almost threefold more active than the WT group during the dark phase [WT ϭ 4747 Ϯ 812 vs. KO ϭ 12382 Ϯ 783 (mean Ϯ SEM); mean ⌬ ϭ 7635, P Ͻ 0.01]. In rescued mice, nocturnal activity of SNpc-RESC was restored to WT levels (6209 Ϯ 969.7) (Fig. 5A) , whereas VTA-RESC mice showed the same activity as the corresponding KO group (11190 Ϯ 720) (Fig.  5B) , suggesting that normal nocturnal activity is also dependent on the presence of functional nigral ␤2*-nAChRs.
Discussion
Here we analyzed the role of ␤2*-nAChRs in the ascending DA pathways involved in the control of locomotion. Our results establish in vivo that nigrostriatal ␤2*-nAChRs are major partners in the cholinergic action on the DA neurons that control locomotion. Combining ␤2KO mice with lentiviral gene delivery, we were able to locally switch on or off the expression of ␤2*-nAChRs restricted to a given DA pathway. In addition to restoring fully functional ␤2*-nAChRs, lentivirus vectors were also efficacious in delivering small inhibitory RNAs to obtain a local knock-down in WT mice, despite the technical difficulties of performing RNAi in vivo into the mammalian brain (24) .
The data presented here demonstrate that the lack of nigral ␤2*-nAChRs is responsible for the hyperactivity observed in the ␤2KO model. The open-field analysis was used to determine the rate of motor activity in a novel environment, discriminating between fast and slow movements. Our results clearly show that the SNpc and the VTA appear to be involved in different types of motor behavior. Based on previous analysis of this paradigm (21), we postulate that fast movements represent navigatory activity, intended to acquire general information of the arena, whereas slow local movements (exploration) lead to a more precise investigation of the environment and rely on the activation of meso-corticolimbic DA circuits. Indeed, our present results highlight the dissection between motor behavior (distance traveled and fast movements) mainly controlled by nigrostriatal ␤2*-nAChRs, and exploratory behavior (slow movements) that would mobilize ␤2*-nAChRs in the mesolimbic pathway (see Fig. 6 for a simplified model). We were thus able to reproduce the classical dissociation between motor vs. motivational/cognitive DA pathways, specifically addressing the role of ␤2*-nAChRs in these circuits. In our paradigm, however, the analysis of the mesolimbic DA pathway is restricted to the slow movements that mice display in a novel arena; this is an endophenotype that does not necessarily correlate with cognitive performance or motivation in other paradigms and/or species.
Based on our present and previous data (21, 22) , we postulate that ACh differentially stimulates ␤2*-nAChRs on DA neurons at either the SNpc or the VTA pathways, giving rise to a transition between fast and slow movements when mice are exposed to a novel open field. The two primary ␤2*-nAChRs present in the SNpc and VTA are ␣4␤2* and ␣6␤2* (14) , which mediate the endogenous cholinergic modulation of DA release. Thus, one subtype of ␣-partners might obviously be involved in the behaviors analyzed here. However, neither ␣4KO nor ␣6KO mice showed behavioral differences in the open field (S.G., unpublished data), perhaps because of mutual compensation.
Regarding activity over 24 h, it had been shown previously that ACh levels fluctuate with the light/dark cycle in rodents with a substantial increase at lights out in key regions like the dorsal striatum (23) where the action of ACh on nAChRs would be responsible for behavioral arousal during the dark period. Here we confirmed the involvement of ␤2*-nAChRs in the regulation of spontaneous nocturnal activity by the higher activity scores of ␤2KO mice observed in two independent experiments. Because this phenotype seems to be closely related to the enhanced locomotion of ␤2KOs in the open field, it is tempting to speculate that the same circuits would participate in the manifestation of the two hyperactive phenotypes, both involving nigrostriatal ␤2*-nAChRs. The fact that normal nocturnal activity was restored in SNpc-RESC but not in VTA-RESC is consistent with this hypothesis. However, the systems regulating 24-h nocturnal hyperactivity are more complex, or at least differentially balanced, than those operating during the openfield test because the specific elimination of ␤2*-nAChRs in the SNpc by RNAi, which effectively enhanced open-field activity (see Fig. 4 D-F) , failed to affect normal nocturnal behavior (see SI Text and Fig. S6) . Our findings of a decreased level of extracellular DA in the striatum of ␤2KO mice that is recovered in SNpc-RESC establish a plausible causal link between the lack of nigral ␤2*-nAChRs and the manifestation of hyperactivity. Although it may seem paradoxical, this phenomenon has been observed before in (A and B) ␤2KO mice display enhanced motor activity compared with WT mice during the dark phase (P Ͻ 0.01; repeated measures ANOVA followed by Fisher LSD test). (A) SNpc-RESC mice recovered normal (WT) levels of activity during the dark phase (WT, n ϭ 8; KO, n ϭ 8; SNpc-RESC, n ϭ 11). (B) VTA-RESC mice activity was similar to the KO group during the whole test (WT, n ϭ 9; KO, n ϭ 11; VTA-RESC, n ϭ 9; scale in y axis as in A). Fig. 6 . Endogenous cholinergic control through ␤2*-nAChRs over DA pathways and spontaneous locomotion: a model. Cholinergic afferents (red) from PPTg or LDTg arrive to DA nuclei at VTA and SNpc and control DA release through ␤2*-nAChRs either at the nigrostriatal (green) or mesocorticolimbic (blue) pathways. Glutamatergic corticostriatal inputs (orange) stimulate medium spiny neurons (MSNs) both at dorsal and ventral striatum. DA action at MSNs controls the basal ganglia outputs and the manifestation of fast or slow movements, depending on DA balance between nigrostriatal vs. mesolimbic circuits.
rodent models of neonatal partial nigrostriatal DA depletion (25) . In that experimental system, as well as in the ␤2KO, DA is not absent but diminished by Ϸ50%. In this context, several changes may take place, for example, the hyperstimulation of the corticostriatal tone (26) , which could lead to hyperactivity.
Based on the anatomical and electrophysiological evidence available (15, 16) , two main check points appear plausible for ACh action over nigrostriatal ␤2*-nAChRs: the midbrain DA nuclei themselves or their striatal DA terminals (see Fig. 1 A) . Our present data do not exclude a local cholinergic control at the striatal level through presynaptic ␤2*-nAChRs, which is indeed crucial to control DA release, but we rather consider that the cholinergic inputs arriving from PPTg/LDTg nuclei would activate nigral somatodendritic ␤2*-nAChRs, serving as a gate that enables DA neurons to respond to the glutamatergic stimulus, which results in burst firing and enhanced DA release (27) .
Together, our observations of the key role of ␤2*-nAChRs in the control of locomotor activity are of prime interest in basal-ganglia-related disorders, particularly those pathological conditions affecting DA activity. For example, cholinergic hyperinnervation at the SNpc was found among the plastic changes observed in the Parkinsonian state (28), triggered to compensate the dramatic loss in DA release. In addition, nicotine exerts a neuroprotective effect on DA neurons (29) , and it is tempting to suggest that ␤2*-nAChRs could be involved in its action. The specific targeting of nigral ␤2*-nAChRs might thus aid in stimulating the remaining DA neurons in early PD and promoting their long-term survival. On the other hand, DA dysfunction is also widely implicated in ADHD (30) , and the ␤2KO mouse has previously been proposed as a model for this syndrome (31) . The use of nicotine in ADHD patients produces a relief similar to standard psychostimulant medications (32) . The ␤2*-nAChRs should therefore be taken into account to both better understand the actions of endogenous ACh under normal and pathological conditions and to design more selective therapeutic cholinergic agents to combat neurological disorders.
Methods
Lentiviral Vectors. Reexpression vectors carrying either ␤2-IRES-eGFP or only the eGFP sequence under control of the PGK promoter were based on modified pTRIP⌬U3, as described previously (ref. 22 and SI Text) . Lentivirus vectors containing sh RNAs were based on modified pTRIP⌬U3, but in this case the expression cassette contains the U6 (Pol III) promoter to drive the expression of the selected sh sequence, followed by the ubiquitin promoter and the eGFP sequence (for details on the construction of this vector, see SI Text).
shRNA Design. Three sequences of sh RNA to target the mouse ␤2 subunit gene were designed according to published rules (33) (for details of shRNA design and selection, see SI Text). Hairpin sequences were cloned into lentiviral vectors and tested in vivo to choose the one with the most efficient gene silencing (see Fig. S3 ). The following sequences were chosen: target sequence, shB2: 5Ј GCCTGAGGATTTCGACAATAT 3Ј; control sequence, shScr: 5Ј GCCA-GATTTCTCAGGTGATAA 3Ј.
Lentivirus Production. Viral particles were generated as described previously (22) . Briefly, HEK-293T cells (at 80 -85% confluence) were cotransfected with the vector plasmid (either the pTRIP⌬U3 [PGK-Beta2-Ires2-EGFP] or the pTRIP⌬U3 [U6-shRNA-Ubiq-EGFP]), together with a packaging plasmid (CMV⌬8.9) and an envelope plasmid (CMV-VSVg), by using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. Two days after transfection, viral particles were harvested from the supernatant, treated with DNaseI (1/5000; 0.2 l/ml) and 2 M MgCl2 (1 l/ml), filtered through 0.45-m pores and concentrated by ultracentrifugation at 24,000 rpm for 90 min (rotor SW32Ti, Beckman Coulter; 2 t ϭ 3.2 ϫ 10 10 rad 2 /sec). Viruses were stored in 10-l aliquots at Ϫ80°C. Viral titers were determined by quantification of the p24 capsid protein using an HIV-1 p24 antigen immunoassay (Beckman Coulter). As all lentivectors contained the eGFP sequence, transfecting units were estimated by Fluorescence Activated Cell Sorting (FACS) after the infection of HEK-293T cells with increasing doses of each viral production. Immediately before stereotaxic injections, lentiviruses were diluted in PBS to achieve a dose of injection of 0.5-1 ϫ 10 6 TU in 2 l (equivalent to 150 ng of p24 protein for bicistronic viruses, 70 -80 ng of p24 for monocistronic viruses).
Mice. ␤2KO mice were back-crossed to the C57BL/6J@Ico strain for 19 generations. All mice used in this work were kept under standard laboratory conditions with ad libitum food and water and in a 12-h light/dark period (on at 8:00 a.m.).
Stereotaxic Procedure. Mice aged 8 -10 weeks (weight 25-30 g) were anesthetized by using ketamine/xylazine and introduced into a stereotaxic frame adapted for mice. Two microliters of virus were injected bilaterally for SNpc at the following coordinates (34): antero-posterior: Ϫ3.0 mm (from bregma), lateral Ϯ 1.3 mm, and dorso-ventral Ϫ4.3 mm from the skull. For VTA injections, the coordinates were: Ϫ3.5 mm antero-posterior, Ϯ 0.5 mm lateral, and Ϫ4.4 mm dorso-ventral. All procedures were in accordance with European Commission directives 219/1990 and 220/1990 and approved by Animalerie Centrale and Mé decine du Travail, Institut Pasteur.
[ 125 I]-Epibatidine Autoradiography. To determine the presence of high-affinity nicotinic ␤2*-nAChRs sites, brains were dissected, frozen in dry ice, and stored at Ϫ80°C until use. Twenty-micron-thick coronal sections were cut at Ϫ20°C and thawed mounted on Menzel Glä ser SuperFrost Plus microscope slides. Slides were incubated at room temperature with 200 pM [ 125 I]-epibatidine (NEN Perkin-Elmer; specific activity 2,200 Ci/mmol) in 50 mM Tris (pH 7.4) for 30 min. After incubation, sections were rinsed 2 ϫ 5 min in the same buffer and briefly in distilled water. Nonspecific binding was not distinguishable from background. Sections were exposed for 24 -8 h to Kodak Biomax films. As previously reported (19) , high-affinity [ 125 I]-epibatidine binding sites were absent from the brain of ␤2 knockout mice, with the exception of structures of the habenulo-peduncular system (including the interpeduncular nucleus and the fasciculus retroflexus), strongly labeled because of the abundance of high-affinity nicotinic ␤4*-nAChRs sites.
In Vivo Microdialysis (Basal DA Release). Mice were anesthetized with an i.p. injection of a ketamine/xylazine mixture (5:1; 0.10 ml/10 g) and placed in a stereotaxic apparatus. A guide cannula (CMA7, CMA Microdialysis) was implanted vertically in the striatum [AP, ϩ0.6; ML, Ϯ 1.8; DV, Ϫ2.5 mm from bregma (34) ] and then fixed to the skull with dental cement. Forty-eight hours later, an analytical probe (CMA7/2 mm, CMA Microdialysis) was inserted into the cannula under light anesthesia (2% isoflurane). Twenty-four hours after probe insertion, animals were habituated to the microdialysis environment overnight with food and water ad libitum. The next morning, probes were perfused with a Ringer solution [148 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl2, and 0.8 mM MgCl2, (pH 6.0)] at a constant rate of 1 l/min, and five baseline samples were taken every 20 min. Mice were challenged with an injection of saline (0.1 ml/10 g, i.p.), and the collection of samples continued for another hour. Dialysates (20 l) were injected directly into a HPLC system, consisting of a pump linked to an automatic injector (Agilent 1100), a reverse-phase column (Zorbax SB C18, 5 m, 150 ϫ 4.6 mm, Agilent Technologies), and a coulometric detector (Coulochem II, ESA Inc.) with a 5011A analytical cell. DA was quantified as previously described (35) . Briefly, the first electrode was fixed at Ϫ100 mV and the second electrode at ϩ300 mV. The gain of the detector was set at 10 nA. The composition of the mobile phase was 50 mM NaH2PO4, 0.1 mM Na2EDTA, 0.65 mM octyl sodium sulfate, and 15% (vol/vol) methanol (pH 3.5). The flow rate was set at 0.9 ml/min, and the sensitivity of the assay for DA was 1 pg/20 l.
Behavioral Experiments: Open field. Mice were placed in the center of an empty 100-cm-diameter circular arena, and their trajectories were recorded for 30 min. The experiment was performed under a soft illumination (10 lux) during the light period (between 11:00 a.m. and 4:00 p.m.). A camera, fixed to the ceiling above the open field, was connected to the videotrack system (Viewpoint) out of sight of the animals. This videotrack was used to determine total distance traveled and to record the time spent either in fast movements (speed Ն 11.8 cm/sec) or slow movements (speed Յ 6.25 cm/sec). Activity over 24 h. To evaluate their activity rhythm during 24 h, mice were placed individually into four wide transparent boxes (50 ϫ 50 ϫ 50 cm) covered with sawdust, with free access to food and water as in home cages. They were maintained in the usual light/dark cycle by an automatic control device connected to lamps. The dark phase started at 8:00 pm and stopped at 8:00 a.m. A video-camera fixed to the ceiling out of sight of the animals and connected to the videotrack system (View-point) was used to record their movements in intervals of 30 min during the 24-h test. Activity analysis was expressed as total distance traveled in each of the 48 intervals.
Statistical analyses. All data were analyzed either by one-way ANOVA, two-way ANOVA, or repeated-measures ANOVA, followed by post hoc tests as indicated. In some cases, the two-tailed Student's t test was performed as indicated.
